This article reviews several of the major complications that occur after liver transplantation and describes radiologic modalities used to diagnose and evaluate them. To illustrate the discussion, case presentations of five patients who underwent liver transplantation at the Nazih Zuhdi Transplantation Institute at Integris Baptist Medical Center in Oklahoma City are given. Many of the major complications of liver transplantation can be characterized as vascular or biliary in origin. Hepatic artery thrombosis is the most dreaded complication in the immediate postoperative period because it often necessitates retransplantation. Hepatic artery stenosis can alter graft function as well. Less common arterial complications include pseudoaneurysm formation, hepatic artery rupture and arteriovenous fistula formation. Venous complications include inferior vena cava and portal vein thrombosis and stenosis. Gray-scale and color Doppler ultrasound play a primary role in detection of vascular complications. Angiography or venography may be used for definitive diagnosis. Biliary complications, such as biliary leakage or stricture, occur with some frequency after transplantation and are best evaluated with sonography, cholangiography, and nuclear medicine studies. A late complication of liver transplantation is posttransplant lymphoproliferative disorder, which may be detected and evaluated by ultrasound, computed tomography, and magnetic resonance imaging. Graft rejection is better detected by nonradiologic means.
Key words: liver transplant, complications, radiology, ultrasound
During the past decade, there has been a dramatic increase in the number of liver transplantations nationwide (Table 1) . With this increase has come a demand for accurate radiologic evaluation of posttransplant complications. The purpose of this article is to review several of the major complications that occur after liver transplantation and to describe methods of radiologic evaluation and intervention used to diagnose and treat them.
The incidence of major complications after liver transplantation, which can often be characterized as vascular or biliary in origin, has been shown to range from 4% to 42%. [1] [2] [3] [4] [5] Hepatic artery thrombosis occurs in 4% to 12% of adult patients who are posttransplantation 2, 3 and is the most dreaded complication in the immediate postoperative period. Hepatic artery stenosis occurs in up to 11% of patients. 3 Less common arterial complications include pseudoaneurysm formation, hepatic artery rupture, and arteriovenous fistula formation. 3, 4 Venous complications, including inferior vena cava (IVC) and portal vein thrombosis and stenosis, occur occasionally. Grayscale ultrasound and color, power, and pulsed Doppler imaging play a primary role in the detection of vascular complications. 3, 4 Angiography or venography are often used for definitive diagnosis. Biliary complications, such as biliary leakage or stricture, occur with some frequency after transplantation and are best evaluated by cholangiography, sonography, and nuclear medicine studies. Acute graft rejection is one of the most serious complications of transplantation; however, radiographic methods cannot accurately detect early rejection. 4 A late complication of liver transplantation is posttransplantation lymphoproliferative disorder (PTLD), which may be detected and evaluated by sonography, computed tomography (CT), and magnetic resonance imaging (MRI).
To illustrate the discussion of liver transplant complications, case presentations of 5 patients who underwent liver transplantations at the Nazih Zuhdi Transplantation Institute at the Integris Baptist Medical Center in Oklahoma City are given ( Table 2 ).
Case Presentations CASE 1
Patient 1 was a woman in her mid-fifties who presented to the liver transplant team with deteriorating liver function seven days after orthotopic liver transplantation. Both duplex ultrasonography and arteriography demonstrated hepatic artery thrombosis. In addition, a cholangiogram revealed a biliary leak at the choledochojejunostomy site. The patient was taken to surgery, where revascularization of the hepatic artery was performed using a bridge graft, and the biliary anastomosis was completely revised. Five days after surgery, the patient developed signs of sepsis, and therefore a percutaneous transhepatic cholangiogram was performed. This showed a narrowing of, and a possible small leak at, the choledochojejunostomy site. An external drainage catheter was placed across the anastomotic narrowing until the patient's symptoms resolved. A subsequent cholangiogram revealed a normal posttransplant appearance of both the biliary ductal system and the anastomosis, and the external drainage catheter was removed. The patient was discharged on the 16th postoperative day on routine posttransplant medications. Five years later, the patient continues to do well, has normal liver function tests, a patent hepatic artery, and no signs of biliary disease. 
CASE 2
Patient 2 was a woman in her mid-forties with autoimmune liver disease who initially underwent transplantation in April 1997. Her postoperative course was uneventful until the 10th postoperative day, when she was found to have slight elevations of serum alkaline phosphatase and γ-glutamine transferase. A duplex sonogram showed thrombosis of the main, right, and left hepatic arteries, the presence of which was confirmed by hepatic angiography (Fig. 1 ). Thrombosis was likely secondary to protein S deficiency of the donor liver. The patient was taken to the operating room emergently for thrombectomy. Clots were removed from the main and right hepatic arteries; however, the left artery could not be cleared of the clot. Two weeks after revascularization, the main hepatic artery rethrombosed, and the patient was placed on the liver transplant waiting list for retransplantation. A suitable donor was found, and retransplantation was performed approximately eight weeks after the original transplant. There were no postoperative complications after the second transplant.
CASE 3
Patient 3 was a man in his early fifties with liver cirrhosis and hemachromatosis who underwent orthotopic liver transplantation in 1994. On the ninth postoperative day, the patient was found to have elevated bilirubin. Hepatic angiography revealed a stricture of the arterial anastomosis, which progressed to nearly complete thrombosis during the procedure. The patient returned to surgery, where a new anastomosis was created using a donor iliac graft from the infrarenal aorta to the liver. The patient continued to have elevated bilirubin after the procedure; however, repeat angiography and T-tube cholangiography revealed no abnormalities. Gradually, the patient's bilirubin decreased to 1.2 mg/dL by discharge. Approximately 17 months after transplantation, the patient developed multiple intrahepatic biliary strictures and a hepatic abscess in the right lobe of his liver. He also had dilatation of his central biliary system. The abscess was successfully drained percutaneously, and an internal-external biliary drain was placed to decompress his dilated biliary system. Shortly after this procedure, duplex sonography revealed that the patient had a thrombosed right portal vein. This was thought to be related to the biliary catheter. This was not pursued further, and the patient is now on regular follow-up.
CASE 4
Patient 4 was a child diagnosed shortly after birth with biliary atresia, for which she underwent a Kasai procedure. She developed biliary cirrhosis when she was five years old and was placed on the list for liver transplantation. One year later, she received an orthotopic liver transplant. On the second postoperative day, she developed IVC thrombosis, which was demonstrated by both an ultra-sound and an inferior vena cavagram (Figs. 2, 3) and likely secondary to hypercoagulability. She underwent thrombectomy the same day. The IVC remained patent after the thrombectomy; however, the transplanted liver continued to function poorly, and the patient was put on the list for retrans- plantation. She died on the ninth postoperative day, before another liver was available.
CASE 5
Patient 5 was a woman in her early fifties with liver cirrhosis secondary to hepatitis C who underwent orthotopic liver transplantation in early 1998. In April 1999, an elevation in liver enzymes prompted an ultrasound-guided liver biopsy to rule out rejection. Four months later, the patient underwent a routine abdominal ultrasound, which showed an anechoic area in the right lobe of the liver (Fig. 4a ). Color Doppler over this area showed turbulent flow (Fig. 4b ), and hepatic angiography revealed pseudo-aneurysm formation with an associated arteriovenous fistula ( Fig. 5 ). Percutaneous embolization with metallic coils was performed to occlude the fistula (Fig. 6 ). The patient subsequently did well.
Discussion
Liver transplantation is a surgically complex procedure requiring a hepatic artery anastomosis, a biliary anastomosis (usually between the donor and recipient common bile ducts), and three venous anastomoses, those of the portal vein and of the suprahepatic and infrahepatic IVC. 4 Differences in size of the donor and recipient components increase the complexity and may predispose to complications. Vascular and biliary complications are most commonly encountered in radiologic prac-tice. Radiology may also help in the detection of remote complications, such as the posttransplant development of malignancy. Graft rejection cannot be reliably detected by radiology.
VASCULAR COMPLICATIONS AFTER LIVER TRANSPLANTATION

Hepatic Artery Thrombosis
Hepatic artery thrombosis is the most common and most dreaded complication following liver transplantation and is usually seen in the immediate postoperative period. 1 in 4% to 12% of adult patients and in up to 42% of pediatric patients, likely because of the small arterial anastomosis. 2, 3 Hepatic artery thrombosis is a dire complication because the liver loses its collateral flow when it is harvested for transplantation, and thus the hepatic artery becomes the only source of oxygenated blood to the transplanted liver. Retransplantation is usually required for patient survival, although some pediatric patients have been observed to develop collateral flow and survive without retransplantation. [3] [4] [5] [6] Clinical signs of hepatic artery thrombosis are nonspecific, and a high index of suspicion should be maintained in the immediate postoperative period. Signs of arterial thrombosis include elevated liver enzymes, sepsis, hemobilia, bile leakage, and allograft failure. 3 Thrombosis or stenosis of the hepatic artery results in ischemia of the biliary tree, leading to nonanastomotic biliary strictures and biliary leaks. 9 Zajko et al 9 reported hepatic artery occlusion in 57% of hepatic transplant patients with nonanastomotic biliary stricture and in 89% of patients with nonanastomotic bile leak. A T-tube cholangiogram may show a bile leak or nonanastomotic biliary stricture, thus raising the question of hepatic artery thrombosis, which should be further investigated with color and pulsed-wave Doppler imaging. Figure 4 . An angiographic catheter was placed into the right femoral artery and the catheter tip manipulated into the main hepatic artery. Contrast injection demonstrates blood flow into a large, rounded pseudoaneurysm, which causes stretching of the surrounding vessels. Blood flow is also demonstrated in an adjacent portal vein branch, consistent with an arteriovenous fistula, either from the hepatic artery or directly from the pseudoaneurysm. Color Doppler sonography is a valuable modality for the detection of flow within the hepatic arteries, with a sensitivity of 92%. 8 It is important to evaluate the main hepatic artery both inside the liver and outside of the liver, at the anastomotic site. The right and left hepatic arteries should be evaluated closely, including their branches into the liver. Although hepatic artery thrombus may occasionally be directly visualized with grayscale ultrasound, it is the lack of arterial flow seen on pulsed Doppler that most suggests the diagnosis of hepatic artery thrombosis. Although color and power Doppler both assess the presence of flow, pulsed Doppler provides a spectral waveform, which is essential in arterial evaluation. The detection of a tardus parvus waveform, which is the characteristic spectral broadening and damped alteration of systolic flow distal to a significant stenosis, in an intrahepatic branch of the hepatic artery is highly suggestive of main hepatic artery thrombosis. 10 If no flow is detected by color, pulsed, and power Doppler, then the transplanted liver should be evaluated for areas of infarction.
Although most cases of hepatic artery thrombosis require retransplantation, percutaneous methods may provide temporizing measures. 1 Thrombectomy with arterial anastomotic revision may be performed for partial treatment until a new donor liver is available. 3, 11 Underlying risk factors for hepatic artery thrombosis include increased cold ischemia time of the transplant liver, small artery size in pediatric patients, and rejection. 3, [11] [12] [13] Color Doppler sonography may be limited in obese patients or in patients with severe ascites and large wounds. A false-positive diagnosis of hepatic artery thrombosis may be made in patients who have markedly diminished hepatic arterial flow resulting from severe hepatic edema, systemic hypotension, or a high-grade hepatic artery stenosis. 4 Alternatively, turbulent portal venous flow seen after transplantation may mask the hepatic artery waveform, thus providing a false-positive diagnosis of hepatic artery thrombosis. 14 False-negative examinations have been associated with the formation of arterial collaterals in pediatric patients, although Flint et al 8 did not find this to be true.
Hepatic Artery Stenosis
Hepatic artery stenosis generally occurs at the anastomotic site. Predisposing factors include clamp injury, intimal trauma caused by the perfusion catheter, disrupted venae vasorum leading to ischemia of the arterial ends, rejection, and suboptimal surgical technique. 10 Duplex Doppler sonography showing a peak systolic velocity greater than 2 m/s or a three-fold increase in relative velocity over a short segment indicates a diameter stenosis of greater than 50%. 14 A resistive index less than 0.5 distal to a stenosis is also hemodynamically significant, 14 as is turbulence at, or immediately distal to, a stenosis. Pulsed Doppler, when used in combination with color or power Doppler, provides the most accurate sonographic diagnosis. Stenosis is confirmed by angiography with the visualization of a focal arterial narrowing. Hepatic arterial stenosis is associated with biliary ischemia and in some cases may progress to complete arterial occlusion. 3, 15, 16 Principal treatment options include percutaneous balloon angioplasty and retransplantation. Raby et al 15 tery after balloon angioplasty in a small number of patients. They acknowledged, however, that repeat dilation may be necessary. Retransplantation may be necessary in cases of severe biliary ischemia.
Hepatic Artery Pseudoaneurysm and Arteriovenous Fistula
Pseudoaneurysm after liver transplantation is a rare but potentially fatal complication because rupture may cause severe arterial hemorrhage and exsanguination. 2 In posttransplant patients, pseudoaneurysms usually occur at the arterial anastomosis, although they can be caused elsewhere by percutaneous needle biopsy, interventional biliary procedures, or infection. 13 Arteriovenous fistulae occur infrequently and, like pseudoaneurysms, have been associated with biopsies and infection. 3, 4 Both pseudoaneurysms and arteriovenous fistulae are usually asymptomatic and so are often discovered incidentally at routine follow-up CT or sonography. 13 Color Doppler sonography will show a pseudoaneurysm as an intrahepatic cystic structure with characteristic bidirectional flow or a disorganized pattern of arterial flow. 4 Contrast-enhanced CT will show a focally enhancing enlargement of the hepatic artery, and angiography shows focal, balloon-like arterial dilatation. Both pseudoaneurysms and arteriovenous fistulae may be treated percutaneously by intravascular coiling or stent placement or may be surgically managed.
Portal Vein Thrombosis
Portal vein complications have been reported in 1% to 13% of liver transplantation patients. 2, 3, 17 Complications include partial or complete thrombosis and stenosis. Predisposing factors include hypercoagulable states, faulty surgical technique, vessel misalignment or excessive vessel length, thrombus formation from a portal venous bypass cannula, or previous portal vein surgery. 3 Clinically, these patients may present with symptoms of hepatic failure or portal hypertension, including massive ascites, upper gastrointestinal bleeding, or edema. Sonography may show an echogenic portal vein thrombus; however, the clot may be nearly anechoic. Color Doppler may show a lack of portal venous flow; however, definitive evaluation of portal venous flow should be performed with pulsed-wave Doppler in conjunction with color or power Doppler. If pulsed-wave Doppler does not detect flow, but no luminal thrombus is seen, it could be that flow is so low that it is not detectable by sonography, and angiography may be necessary. A portal vein stenosis will present as a three-fold or more increase in velocity at the anastomotic site on pulsed Doppler interrogation. 14, 18 The surgical treatment of portal vein thrombosis includes surgical thrombectomy, segmental portal vein resection, venous jump graft, creation of a portosystemic shunt, and in some cases retransplantation. Interventional radiologists may treat portal vein thrombosis with percutaneous thrombolysis, balloon angioplasty, and/or stent placement. 4
IVC Thrombosis and Stenosis
Stenosis of the IVC usually occurs at the surgical anastomotic sites. 15, 16, 18, 19 Clinically, suprahepatic IVC obstruction may manifest with Budd-Chiari-like symptoms of severe ascites and, infrahepatically, with marked lower extremity edema. 20 The severity of symptoms often correlates with the severity of stenosis. 16 Doppler assessment of stenoses shows loss of normal cardiac cycle phasicity of caval flow and a three-fold to four-fold increase in velocity compared with the prestenotic segment. The hepatic vein waveforms will show loss of phasicity and reversal of venous flow. 18 Angiography shows lack of opacification of the thrombosed portion of the IVC with brisk flow through the lumbar veins, which drain the lower portion of the body. Venous stenosis or obstruction has traditionally been treated surgically; however, balloon angioplasty has been shown to have a high long-term success rate with few complications. 15, 17 
BILIARY COMPLICATIONS AFTER LIVER TRANSPLANTATION
Biliary complications, of which the most common are biliary leakage and obstruction, occur in 13% to 40% of liver transplant patients. 16, [20] [21] [22] Most complications occur within three months of transplantation; however, late complications, including biliary stricture and calculi formation, are also seen. 23 In adult transplant patients with normal native bile ducts, biliary reconstruction is usually performed with an end-to-end anastomosis between the allograft and recipient common bile ducts (choledochocholedochostomy) with a T-tube stent. The long limb of the T-tube is brought out through a choledochotomy in the recipient common bile duct to avoid potential interference with the blood supply of the allograft duct. The T-tube is usually left in place for two to three months after transplantation, permitting easy access for cholangiography. A Roux-en-Y choledochojejunostomy is an alternative mode of reconstruction in patients with abnormal biliary ducts. 23 Both biliary leakage and obstruction may be classified as anastomotic or nonanastomotic. Nonanastomotic biliary leaks and strictures usually denote underlying ischemic damage, which may relate to hepatic artery thrombosis or preservation injury of the harvested allograft. 9 Therefore, evidence of nonanastomotic biliary complications at cholangiography should prompt Doppler evaluation of the hepatic artery for evidence of thrombosis or stenosis.
Biliary evaluation after transplantation may be performed routinely or prompted by an elevation in liver enzymes or worrisome clinical changes, such as fever. Cholangiography is considered the gold standard for evaluating the biliary tree after transplant because it readily demonstrates both early ductal dilatation and contrast extravasation from the biliary system. 23 Sonography has a higher falsenegative rate for detecting ductal dilatation, as occurs in obstruction, and cannot distinguish a biliary leak from other causes of posttransplant fluid collections, such as abscess, seroma, or loculated ascites. [23] [24] [25] CT, often performed for other reasons, may demonstrate ductal dilatation and abnormal fluid collections associated with leaks. Leaks may also be documented by nuclear medicine hepatobiliary scans. 24
Biliary Leakage
Most posttransplantation biliary leaks occur at the T-tube choledochotomy site and are readily demonstrated by T-tube cholangiography. If small, such leaks may stop spontaneously. Bile leakage from a choledochocholedochostomy or choledochojejunostomy site has higher morbidity and mortality and frequently requires surgical revision of the anastomosis. 20 Biliary leakage and resultant biloma may sometimes be successfully treated with percutaneous drainage, and percutaneous placement of a biliary stent across the leak may be curative in some cases. 16 Nonanastomotic biliary leakage indicates probable hepatic artery occlusion with resultant bile duct ischemia and necrosis and requires evaluation of hepatic artery patency. 9 Bilomas formed in this setting often become secondarily infected. Establishment of percutaneous drainage may be a valuable temporizing step until retransplantation can be performed. 9
Biliary Obstruction
Biliary obstruction has several possible causes, including strictures, calculi, T-tube dysfunction, common duct redundancy, and a mucocele of the cystic duct remnant. 8 Stricture is the most common cause of biliary obstruction in transplant patients. Cholangiography readily detects biliary strictures and associated ductal dilatation secondary to obstruction. Although a mild narrowing at the anastomosis may require no treatment, a moderate to severe anastomotic narrowing may resolve after percutaneous balloon dilation. In some cases, however, surgical revision of the anastomosis may be necessary. 24, 26 Nonanastomotic biliary strictures are most commonly caused by bile duct ischemia with resultant ductal necrosis. Causes of biliary ischemia include hepatic artery stenosis or thrombosis, prolonged cold ischemia time, and ABO blood type incompatibility. 16, [23] [24] [25] [26] [27] [28] Strictures are much less likely to result from preservation injury when the allograft is ischemic for fewer than 13 hours. 27 Nonanastomotic strictures may be single or multiple and intrahepatic or extrahepatic. Strictures typically start at the hilum and progress to involve the intrahepatic ducts. Successful percutaneous treatment is associated with strictures that occur within three months of transplantation in patients who do not have primary sclerosing cholangitis, ductopenic arteriopathic rejection, cytomegalovirus infection, or hepatic artery thrombosis. 26 
OTHER COMPLICATIONS AFTER LIVER TRANSPLANTATION
Allograft Rejection
Acute rejection is the most common serious complication affecting allograft survival. 7 Although several noninvasive means of detecting rejection have been investigated, no specific radiologic findings can reliably detect allograft rejection. 4, 5, 7, 24 Thus, rejection is most commonly a tissue diagnosis made after liver biopsy.
Posttransplantation Malignancy
Organ transplant recipients undergoing immunosuppressive therapy for prevention of rejection are at an increased risk for developing malignancies, including PTLD, non-Hodgkin's lymphoma, and squamous cell carcinoma. PTLD is an abnormal proliferation of B cells in response to either primary or reactivated infection with Epstein-Barr virus and presents at sonography as focal, hypoechoic, ill-defined masses in the liver parenchyma or hilum. 29 CT and MRI studies may detect transplant-related tumor as chest or abdominal lymphadenopathy or as multiple hepatic lesions. 4, 23 
Conclusions
Imaging studies play an increasingly important role in liver transplantation. Sonography is the primary imaging modality in hepatic transplant recipients because it is a relatively inexpensive, noninvasive study that can be used for screening or to evaluate specific clinical concerns. Similarly, Ttube cholangiography is easily performed in transplant recipients and may detect early biliary complications. Such studies may lead to further, confirmatory imaging studies or may accurately diagnose complications and lead to necessary interventional radiologic or surgical treatments.
